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A recent theory by Chen and Zhang [Phys. Rev. Lett. 114, 126602 (2015)] predicts strongly
anisotropic damping due to interfacial spin-orbit coupling in ultrathin magnetic films. Interfacial
Gilbert-type relaxation, due to the spin pumping effect, is predicted to be significantly larger for
magnetization oriented parallel to compared with perpendicular to the film plane. Here, we have
measured the anisotropy in the Pt/Ni81Fe19/Pt system via variable-frequency, swept-field ferromag-
netic resonance (FMR). We find a very small anisotropy of enhanced Gilbert damping with sign
opposite to the prediction from the Rashba effect at the FM/Pt interface. The results are contrary
to the predicted anisotropy and suggest that a mechanism separate from Rashba spin-orbit coupling
causes the rapid onset of spin-current absorption in Pt.
INTRODUCTION
The spin-transport properties of Pt have been studied
intensively. Pt exhibits efficient, reciprocal conversion
of charge to spin currents through the spin Hall effect
(SHE)[1–4]. It is typically used as detection layer for
spin current evaluated in novel configurations[5–7]. Even
so, consensus has not yet been reached on the experi-
mental parameters which characterize its spin transport.
The spin Hall angle of Pt, the spin diffusion length of Pt,
and the spin mixing conductance of Pt at different inter-
faces differ by as much as an order of magnitude when
evaluated by different techniques[2, 3, 8–12].
Recently, Chen and Zhang [13, 14] (hereafter CZ) have
proposed that interfacial spin-orbit coupling (SOC) is
a missing ingredient which can bring the measurements
into greater agreement with each other. Measurements of
spin-pumping-related damping, particularly, report spin
diffusion lengths which are much shorter than those es-
timated through other techniques[15, 16]. The introduc-
tion of Rashba SOC at the FM/Pt interface leads to
interfacial spin-memory loss, with discontinuous loss of
spin current incident to the FM/Pt interface. The model
suggests that the small saturation length of damping en-
hancement reflects an interfacial discontinuity, while the
inverse spin Hall effect (ISHE) measurements reflect the
bulk absorption in the Pt layer[15, 16].
The CZ model predicts a strong anisotropy of the en-
hanced damping due to spin pumping, as measured in
ferromagnetic resonance (FMR). The damping enhance-
ment for time-averaged magnetization lying in the film
plane (pc-FMR, or parallel condition) is predicted to be
significantly larger than that for magnetization oriented
normal to the film plane (nc-FMR, or normal condition).
The predicted anisotropy can be as large as 30%, with
pc-FMR damping exceeding nc-FMR damping, as will be
shown shortly.
In this paper, we have measured the anisotropy of the
enhanced damping due to the addition of Pt in symmet-
ric Pt/Ni81Fe19 (Py)/Pt structures. We find that the
anisotropy is very weak, less than 5%, and with the op-
posite sign from that predicted in [13].
THEORY
We first quantify the CZ-model prediction for
anisotropic damping due to the Rashba effect at the
FM/Pt interface. In the theory, the spin-memory loss
for spin current polarized perpendicular to the interfa-
cial plane is always larger than that for spin current po-
larized in the interfacial plane. The pumped spin po-
larization σ = m × m˙ is always perpendicular to the
time-averaged or static magnetization 〈m〉t ' m. For
nc-FMR, the polarization σ of pumped spin current is
always in the interfacial plane, but for pc-FMR, is nearly
equally in-plane and out-of-plane. A greater damping
enhancement is predicted in the pc condition than in the
nc condition, ∆αpc > ∆αnc:
∆αnc = K
[1 + 4ηξ(tPt)
1 + ξ(tPt)
]
(1)
∆αpc = K
[1 + 6ηξ(tPt)
1 + ξ(tPt)
+
η
2[1 + ξ(tPt)]2
]
(2)
ξ(tPt) = ξ(∞)× coth(tPt/λsd) (3)
where the constant of proportionality K is the same for
both conditions and the dimensionless parameters, η and
ξ, are always real and positive. The Rashba parameter
η = (αRkF /EF )
2 (4)
is proportional to the square of the Rashba coefficient
αR, defined as the strength of the Rashba potential,
ar
X
iv
:1
81
0.
10
59
5v
4 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 22
 Fe
b 2
01
9
2FIG. 1. Frequency-dependent half-power FMR linewidth
∆H1/2(ω) of the reference sample Py(5 nm) (black) and sym-
metric trilayer samples Pt(t)/Py(5 nm)/Pt(t) (colored). (a)
pc-FMR measurements. (b) nc-FMR measurements. Solid
lines are linear fits to extract Gilbert damping α. (Inset):
inhomogeneous broadening ∆H0 in pc-FMR (blue) and nc-
FMR (red).
V (r) = αRδ(z)(kˆ× zˆ) ·σ, where δ(z) is a delta function
localizing the effect to the interface at z = 0 (film plane
is xy), kF is the Fermi wavenumber, and EF is the Fermi
energy. The backflow factor ξ is a function of Pt layer
thickness, where the backflow fraction at infinitely large
Pt thickness defined as  = ξ(∞)/[1 + ξ(∞)].  = 0 (1)
refers to zero (complete) backflow of spin current across
the interface. λsd is the spin diffusion length in the Pt
layer.
To quantify the anisotropy of the damping, we define
Q:
Q ≡ (∆αpc −∆αnc)/∆αnc (5)
as an anisotropy factor, the fractional difference be-
tween the enhanced damping in pc and nc conditions.
Positive Q (Q>0) is predicted by the CZ model. A
spin-memory loss δ factor of 0.9 ± 0.1, corresponding
to nearly complete relaxation of spin current at the in-
terface with Pt, was measured through current perpen-
dicular to plane-magnetoresistance (CPP-GMR)[8] Ac-
cording to the theory[13, 14], the spin-memory loss can
be related to the Rashba parameter by δ = 2η, so we
take η ∼ 0.45. The effect of variable η < 0.45 will be
shown in Figure 3. To evaluate the thickness dependent
backflow ξ(tPt), we assume λ
Pt
sd = 14 nm, which is asso-
ciated with the absorption of the spin current in the bulk
of Pt layer, as found from CPP-GMR measurements[8]
and cited in [13]. Note that this λPtsd is longer than that
used sometimes to fit FMR data[15, 16]; Rashba interfa-
cial coupling in the CZ model brings the onset thickness
down. The calculated anisotropy factor Q should then
FIG. 2. Pt thickness dependence of Gilbert damping α =
α(tPt) in pc-FMR (blue) and nc-FMR (red). α0 refers to the
reference sample (tPt = 0). (Inset): Damping enhancement
∆α(tPt) = α(tPt) − α0 due to the addition of Pt layers in
pc-FMR (blue) and nc-FMR (red). Dashed lines refer to cal-
culated ∆αnc using Equation 1 by assuming λ
Pt
sd = 14 nm
and  = 10%. The red dashed line (η = 0.15) shows a similar
curvature with experiments; The black dashed line (η ≥ 0.25)
shows a curvature with the opposite sign.
be as large as 0.3, indicating that ∆αpc is 30% greater
than ∆αnc (see Results for details).
EXPERIMENT
In this paper, we present measurements of the
anisotropy of damping in the symmetric Pt(tPt)/Py(5
nm)/Pt(tPt) system, where “Py”=Ni81Fe19. Because
the Py thickness is much thicker than its spin coher-
ence length[17], we expect that spin-pumping-related
damping at the two Py/Pt interfaces will sum. The
full deposited stack is Ta(5 nm)/Cu(5 nm)/Pt(tPt)/Py(5
nm)/Pt(tPt)/Al2O3(3 nm), tPt = 1–10 nm, deposited
via DC magnetron sputtering under computer control on
ion-cleaned Si/SiO2 substrates at ambient temperature.
The deposition rates were 0.14 nm/s for Py and 0.07
nm/s for Pt. Heterostructures deposited identically, in
the same deposition chamber, have been shown to exhibit
both robust spin pumping effects, as measured through
FMR linewidth[18, 19], and robust Rashba effects (in
Co/Pt), as measured through Kerr microscopy[20, 21].
The stack without Pt layers was also deposited as the ref-
erence sample. The films were characterized using vari-
able frequency FMR on a coplanar waveguide (CPW)
with center conductor width of 300 µm. The bias mag-
netic field was applied both in the film plane (pc) and
perpendicular to the plane (nc), as previously shown in
[22]. The nc-FMR measurements require precise align-
ment of the field with respect to the film normal. Here,
3FIG. 3. Anisotropy factor Q for spin-pumping enhanced damping, defined in Equation 5. Solid lines are calculations using the
CZ theory[13], Equations 1–3, for variable Rashba parameter 0.01 ≤ η ≤ 0.45. λPtsd is set to be 14 nm. Backflow fraction  is
set to be 10% in (a) and 40% in (b). Black triangles, duplicate in (a) and (b), show the experimental values from Figure 2.
samples were aligned by rotation on two axes to maxi-
mize the resonance field at 3 GHz.
RESULTS AND ANALYSIS
Figure 1 shows frequency-dependent half-power
linewidth ∆H1/2(ω) in pc- and nc-FMR. The measure-
ments were taken at frequencies from 3 GHz to a cut-off
frequency above which the signal-to-noise ratio becomes
too small for reliable measurement of linewidth. The
cutoff ranged from 12–14 GHz for the samples with Pt
(linewidth ∼ 200–300 G) to above 20 GHz for tPt = 0.
Solid lines stand for linear regression of the variable-
frequency FMR linewidth ∆H1/2 = ∆H0+2αω/γ, where
∆H1/2 is the full-width at half-maximum, ∆H0 is the in-
homogeneous broadening, α is the Gilbert damping, ω
is the resonance frequency and γ is the gyromagnetic ra-
tio. The fits show good linearity with frequency ω/2pi for
all experimental linewidths ∆H1/2(ω). The inset sum-
marizes inhomogeneous broadening ∆H0 in pc- and nc-
FMR; its errorbar is ∼ 2 Oe.
In Figure 2, we plot Pt thickness dependence of damp-
ing parameters α(tPt) extracted from the linear fits in
Figure 1, for both pc-FMR and nc-FMR measurements.
Standard deviation errors in the fits for α are ∼ 3×10−4.
The Gilbert damping α saturates quickly as a function
of tPt in both pc and nc conditions, with 90% of the ef-
fect realized with Pt(3 nm). The inset shows the damp-
ing enhancement ∆α due to the addition of Pt layers
∆α = α − α0, normalized to the Gilbert damping α0 of
the reference sample without Pt layers. The Pt thickness
dependence of ∆α matches our previous study on Py/Pt
heterostructures[19] reasonably; the saturation value of
∆αPt/Py/Pt is 1.7x larger than that measured for the
single interface ∆αPy/Pt[19] (2x expected). The dashed
lines in the inset refer to calculated ∆αnc using Equation
1 (assuming λPtsd = 14 nm and  = 10%). η = 0.25 shows
a threshold of Pt thickness dependence. When η > 0.25,
the curvature of ∆α(tPt) will have the opposite sign to
that observed in experiments, so η = 0.25 is the maxi-
mum which can qualitatively reproduce the Pt thickness
dependence of the damping.
As shown in Figure 2 inset, the damping enhancement
due to the addition of Pt layers is slightly larger in the
nc geometry than in the pc geometry: ∆αnc > ∆αpc.
This is opposite to the prediction of the model in [13].
The anisotropy factor Q ≡ (∆αpc −∆αnc)/∆αnc for the
model (Q>0) and the experiment (Q<0) are shown to-
gether in Figure 3 (a) and (b). The magnitude of Q
for the experiment is also quite small, with -0.05<Q<0.
This very weak anisotropy, or near isotropy, of the spin-
pumping damping is contrary to the prediction in [13],
and is the central result of our paper.
The two panels (a) and (b), which present the same
experimental data (triangles), consider different model
parameters, corresponding to negligible backflow ( =
0.1, panel a) and moderate backflow ( = 0.4, panel b)
for a range of Rashba couplings 0.01 ≤ η ≤ 0.45. A spin
diffusion length λsd = 14 nm for Pt[8] was assumed in all
4cases.
The choice of backflow fraction  = 0.1 or 0.4 and the
choice of spin diffusion length of Pt λsd = 14 nm follow
the CZ paper[13] for better evaluation of their theory.
For good spin sinks like Pt, the backflow fraction is usu-
ally quite small. If  = 0, then there will be no spin
backflow. In this limit, ∆αpc, ∆αnc and the Q factor
will be independent of Pt thickness.
In the case of a short spin diffusion length of Pt, e.g.,
λsd = 3 nm, the anisotropy Q as a function of Pt thick-
ness decreases more quickly for ultrathin Pt, closer to
our experimental observations. However, we note that
the CZ theory requires a long spin diffusion length in or-
der to reconcile different experiments, particularly CPP-
GMR with spin pumping, and is not relevant to evaluate
the theory in this limit.
Leaving apart the question of the sign of Q, we can see
that the observed absolute magnitude is lower than that
predicted for η = 0.05 for small backflow and 0.01 for
moderate backflow. According to ref [13], a minimum
level for the theory to describe the system with strong
interfacial SOC is η = 0.3.
DISCUSSION
Here, we discuss extrinsic effects which may result in
a discrepancy between the CZ model (Q∼+0.3) and our
experimental result (-0.05<Q<0). A possible role of two-
magnon scattering[23, 24], known to be an anisotropic
contribution to linewidth ∆H1/2, must be considered.
Two-magnon scattering is present for pc-FMR and nearly
absent for nc-FMR. This mechanism does not seem to
play an important role in the results presented. It is
difficult to locate a two-magnon scattering contribution
to linewidth in the pure Py film: Figure 1 shows highly
linear ∆H1/2(ω), without offset, over the full range to
ω/2pi = 20 GHz, thereby reflecting Gilbert-type damp-
ing. The damping for this film is much smaller than
that added by the Pt layers. If the introduction of Pt
adds some two-magnon linewidth, eventually mistaken
for intrinsic Gilbert damping α, this could only produce
a measurement of Q>0, which was not observed.
One may also ask whether the samples are appropriate
to test the theory. The first question regards sample qual-
ity. The Rashba Hamiltonian models a very abrupt inter-
face. Samples deposited identically, in the same deposi-
tion chamber, have exhibited strong Rashba effects, so we
expect the samples to be generally appropriate in terms
of quality. Intermixing of Pt in Ni81Fe19 (Py)/Pt[25] may
play a greater role than it does in Co/Pt[26], although
defocused TEM images have shown fairly well-defined in-
terfaces for our samples[27].
A second question might be about the magnitude of
the Rashba parameter η in the materials systems of in-
terest. Our observation of nearly isotropic damping is
consistent with the theory, within experimental error and
apart from the opposite sign, if the Rashba parameter η is
very low and the backflow fraction  is very low. Ab-initio
calculations for (epitaxial) Co/Pt in the ref[28] have in-
dicated η = 0.02–0.03, lower than the values of η ∼ 0.45
assumed in [13, 14] to treat interfacial spin-memory loss.
The origin of the small, negative Q observed here is un-
clear. A recent paper has reported that ∆αpc is smaller
than ∆αnc in the YIG/Pt system via single-frequency,
variable-angle measurements[7], which is contrary to the
CZ model prediction as well. It is also possible that a
few monolayers of Pt next to the Py/Pt interfaces are
magnetized in the samples[19], and this may have an un-
known effect on the sign, not taken into account in the
theory.
CONCLUSIONS
In summary, we have experimentally demonstrated
that in Pt/Py/Pt trilayers the interfacial damping at-
tributed to spin pumping is nearly isotropic, with an
anisotropy between film-parallel and film-normal mea-
surements of <5%. The nearly isotropic character of the
effect is more compatible with conventional descriptions
of spin pumping than with the Rashba spin-memory loss
model predicted in [13].
ACKNOWLEDGEMENTS
We acknowledge support from the US NSF-DMR-
1411160 and the Nanosciences Foundation, Grenoble.
∗ wc2476@columbia.edu
† web54@columbia.edu
[1] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Ap-
plied Physics Letters 88, 182509 (2006).
[2] O. Mosendz, J. E. Pearson, F. Y. Fradin, G. E. W. Bauer,
S. D. Bader, and A. Hoffmann, Phys. Rev. Lett. 104,
046601 (2010).
[3] L. Liu, T. Moriyama, D. C. Ralph, and R. A. Buhrman,
Phys. Rev. Lett. 106, 036601 (2011).
[4] H. L. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel,
and F. Y. Yang, Phys. Rev. Lett. 112, 197201 (2014).
[5] K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae,
K. Ando, S. Maekawa, and E. Saitoh, Nature 455, 778
(2008).
[6] D. Ellsworth, L. Lu, J. Lan, H. Chang, P. Li, Z. Wang,
J. Hu, B. Johnson, Y. Bian, J. Xiao, R. Wu, and M. Wu,
Nature Physics 12, 861 (2016).
[7] H. Zhou, X. Fan, L. Ma, Q. Zhang, L. Cui, S. Zhou, Y. S.
Gui, C.-M. Hu, and D. Xue, Phys. Rev. B 94, 134421
(2016).
[8] H. Kurt, R. Loloee, K. Eid, W. P. Pratt, and J. Bass,
Applied Physics Letters 81, 4787 (2002).
5[9] L. Vila, T. Kimura, and Y. Otani, Phys. Rev. Lett. 99,
226604 (2007).
[10] K. Ando, S. Takahashi, K. Harii, K. Sasage, J. Ieda,
S. Maekawa, and E. Saitoh, Phys. Rev. Lett. 101, 036601
(2008).
[11] A. Azevedo, L. H. Vilela-Lea˜o, R. L. Rodr´ıguez-Sua´rez,
A. F. Lacerda Santos, and S. M. Rezende, Phys. Rev. B
83, 144402 (2011).
[12] M. Althammer, S. Meyer, H. Nakayama, M. Schreier,
S. Altmannshofer, M. Weiler, H. Huebl, S. Gepra¨gs,
M. Opel, R. Gross, D. Meier, C. Klewe, T. Kuschel, J.-M.
Schmalhorst, G. Reiss, L. Shen, A. Gupta, Y.-T. Chen,
G. E. W. Bauer, E. Saitoh, and S. T. B. Goennenwein,
Phys. Rev. B 87, 224401 (2013).
[13] K. Chen and S. Zhang, Phys. Rev. Lett. 114, 126602
(2015).
[14] K. Chen and S. Zhang, IEEE Magnetics Letters 6, 1
(2015).
[15] Z. Feng, J. Hu, L. Sun, B. You, D. Wu, J. Du, W. Zhang,
A. Hu, Y. Yang, D. M. Tang, B. S. Zhang, and H. F.
Ding, Phys. Rev. B 85, 214423 (2012).
[16] J.-C. Rojas-Sa´nchez, N. Reyren, P. Laczkowski,
W. Savero, J.-P. Attane´, C. Deranlot, M. Jamet, J.-M.
George, L. Vila, and H. Jaffre`s, Phys. Rev. Lett. 112,
106602 (2014).
[17] A. Ghosh, S. Auffret, U. Ebels, and W. E. Bailey, Phys.
Rev. Lett. 109, 127202 (2012).
[18] A. Ghosh, J. F. Sierra, S. Auffret, U. Ebels, and W. E.
Bailey, Applied Physics Letters 98, 052508 (2011).
[19] M. Caminale, A. Ghosh, S. Auffret, U. Ebels, K. Ollefs,
F. Wilhelm, A. Rogalev, and W. E. Bailey, Phys. Rev.
B 94, 014414 (2016).
[20] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq,
A. Schuhl, S. Pizzini, J. Vogel, and P. Gambardella,
Nature Materials 9, 230 (2010).
[21] I. M. Miron, T. Moore, H. Szambolics, L. D. Buda-
Prejbeanu, S. Auffret, B. Rodmacq, S. Pizzini, J. Vogel,
M. Bonfim, A. Schuhl, and G. Gaudin, Nature Materials
10, 419 (2011).
[22] H. Yang, Y. Li, and W. E. Bailey, Applied Physics Let-
ters 108, 242404 (2016).
[23] R. Arias and D. L. Mills, Phys. Rev. B 60, 7395 (1999).
[24] R. McMichael and P. Krivosik, IEEE Transactions on
Magnetics 40, 2 (2004).
[25] T. Golod, A. Rydh, and V. M. Krasnov, Journal of Ap-
plied Physics 110, 033909 (2011).
[26] G. Bertero and R. Sinclair, Journal of Magnetism and
Magnetic Materials 134, 173 (1994).
[27] W. E. Bailey, A. Ghosh, S. Auffret, E. Gautier, U. Ebels,
F. Wilhelm, and A. Rogalev, Phys. Rev. B 86, 144403
(2012).
[28] S. Grytsyuk, A. Belabbes, P. M. Haney, H.-W. Lee, K.-J.
Lee, M. D. Stiles, U. Schwingenschlo¨gl, and A. Manchon,
Phys. Rev. B 93, 174421 (2016).
